
1 
 

Testing evolutionary explanations for the lifespan benefit of dietary restriction in 1 

Drosophila melanogaster 2 

 3 

Eevi Savola1, Clara Montgomery1, Fergal M. Waldron1, Katy Monteith1, Pedro Vale1, Craig 4 

Walling1 5 

 6 

1: Institute of Evolutionary Biology, School of Biological Sciences, The University of 7 

Edinburgh, Ashworth Laboratories, Edinburgh EH9 3FL, UK  8 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 19, 2020. ; https://doi.org/10.1101/2020.06.18.159731doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.18.159731
http://creativecommons.org/licenses/by-nd/4.0/


2 
 

ABSTRACT: 9 

Dietary restriction (DR), limiting calories or specific nutrients, extends lifespan across 10 

diverse taxa. This lifespan extension has been explained as diet-mediated changes in the trade-11 

off between lifespan and reproduction, with survival favoured with scarce resources. Another 12 

evolutionary hypothesis suggests the selective benefit of the response is the maintenance of 13 

reproduction. This hypothesis predicts that lifespan extension is a side effect of benign 14 

laboratory conditions, where DR individuals are frailer and unable to deal with additional 15 

stressors, and thus lifespan extension should disappear under more stressful conditions. We 16 

tested this by rearing outbred female Drosophila melanogaster on 10 different 17 

protein:carbohydrate diets. Flies were either infected with a bacterial pathogen (Pseudomonas 18 

entomophila), injured or unstressed. We monitored lifespan, fecundity and ageing measures. 19 

DR extended lifespan and reduced reproduction irrespective of injury and infection. These 20 

results do not support lifespan extension under DR being a side effect of benign laboratory 21 

conditions. 22 
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INTRODUCTION: 26 

Nutrition has long been of interest in the field of aging research, particularly due to its 27 

potential applications to an ageing human population (reviewed in Bertozzi et al., 2016; 28 

Redman & Ravussin, 2011; Speakman & Mitchell, 2011). Dietary restriction (DR), the 29 

limitation of a particular nutrient or the overall caloric intake, has been shown to extend lifespan 30 

and delay ageing across a range of organisms (reviewed in Mair & Dillin, 2008). Its prevalence 31 

and taxonomic diversity suggests the response is evolutionarily conserved and acts via 32 

conserved mechanisms (reviewed by Fontana et al., 2010). As such, a large body of research 33 

has focused on using the DR paradigm to try to understand the mechanisms underlying 34 

variation in ageing and lifespan (e.g. Fontana & Partridge, 2015; Gems & Partridge, 2012; 35 

Gibbs & Smith, 2016). However, the evolutionary basis of the response has been much less 36 

well investigated (Raubenheimer et al., 2016; Regan et al., 2020; Travers et al., 2020; 37 

Zajitschek et al., 2016). This is surprising given that knowledge of the evolutionary basis of 38 

the DR response is important to understanding under what conditions it may be applicable in 39 

human health. Here we test the two main evolutionary explanations for lifespan extension 40 

under DR, which make contrasting predictions about how this response should vary across 41 

environments. 42 

The predominant evolutionary explanation, termed the resource reallocation hypothesis 43 

(RRH) (Adler & Bonduriansky, 2014; Regan et al., 2020), explains the observed DR response 44 

as an adaptive shift in relative investment of resources into survival versus reproduction (Adler 45 

& Bonduriansky, 2014; Kirkwood, 1977; Shanley & Kirkwood, 2000). A food shortage signals 46 

a sub-optimal environment, where the number and survival probability of any offspring 47 

produced is likely to be low (Holliday, 1989; Shanley & Kirkwood, 2000). Under such 48 

conditions, an individual could maximise fitness by temporarily delaying reproduction and 49 

instead investing resources into survival and somatic maintenance. Once food availability 50 

returns, the individual could then maximise fitness by investing resources back into 51 

reproduction. By maintaining individuals chronically on low food, aging rates decrease and the 52 

individual lives longer (Holliday, 1989; Shanley & Kirkwood, 2000). The RRH requires a 53 

trade-off between investing resources into reproduction versus somatic maintenance (Holliday, 54 

1989) and that the response evolved in an environment which fluctuates between low and high 55 

food availability (Adler & Bonduriansky, 2014). 56 
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In contrast to the predictions of the RRH, some studies suggest that survival and 57 

reproduction can be uncoupled under DR (Flatt, 2011). In addition, wild systems have much 58 

higher levels of extrinsic mortality than laboratory conditions (for example, from predators or 59 

disease), potentially making an individual less likely to live long enough to benefit from 60 

delayed reproduction. These observations have been used to suggest that improved survival 61 

may not be the selective benefit of the DR response (Adler & Bonduriansky, 2014). Instead, 62 

another hypothesis proposes that the selective benefit of the DR response is through its effect 63 

on immediate reproduction (Adler & Bonduriansky, 2014), termed the nutrient recycling 64 

hypothesis (NRH) (Regan et al., 2020). This hypothesis is based on the general finding that DR 65 

results in the inhibition of nutrient sensing pathways, e.g. TOR and IIS pathways (Adler & 66 

Bonduriansky, 2014). Inhibition of these pathways disinhibits (upregulates) nutrient recycling 67 

mechanisms such as apoptosis (James et al., 1998) and autophagy (Hansen et al., 2008; 68 

Kenyon, 2010; Fontana et al., 2010, both reviewed in Longo & Fontana, 2010). The NRH 69 

suggests that apoptosis and autophagy allow the organism to use stored nutrients from cells 70 

whilst limiting the number of cells (Adler & Bonduriansky, 2014). The individual can use 71 

available resources more efficiently, with a possible lower resource requirement for 72 

reproduction (Adler & Bonduriansky, 2014). 73 

The NRH posits that lifespan extension is an artefact of laboratory conditions. 74 

Upregulation of apoptosis and autophagy may promote survival and limit rates of aging due to 75 

protecting against common laboratory causes of death, such as cancer or other old age 76 

pathologies (Adler & Bonduriansky, 2014; Longo & Fontana, 2010; Salomon & Rob Jackson, 77 

2008; Spindler, 2005; Zhang & Herman, 2002). However, the limit on cell numbers and cellular 78 

growth rate may also limit the ability of individuals under DR to respond to additional stresses 79 

(Adler & Bonduriansky, 2014), with the prediction that DR would not extend lifespan in the 80 

wild (Adler & Bonduriansky, 2014). Thus, in contrast to the RRH, there is a clear prediction 81 

from the NRH that the addition of stressors, particularly injury and infection, should result in 82 

the removal or even reversal of the lifespan benefit of DR (Adler & Bonduriansky, 2014). 83 

 The effect of DR has been subject to relatively few studies in the context of injury and 84 

infection stress. In terms of injury stress, decreased calorie intake slows down wound repair in 85 

both rodents and reptiles (French et al., 2007; Hunt et al., 2012; Reed et al., 1996; Reiser et al., 86 

1995). However, studies manipulating both overall calories and macronutrient content suggest 87 

that the main driver of the DR response, particularly in insects, is macronutrient ratio, with low 88 

protein and high carbohydrate diets leading to longer lifespans (e.g. Le Couteur et al., 2016; 89 
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Kwang Pum Lee et al., 2008; Nakagawa et al., 2012; Simpson & Raubenheimer, 2009). In 90 

terms of infection stress, evidence for effects of protein to carbohydrate (P:C) ratios on proxies 91 

of survival after infection are mixed. In infected caterpillars, higher protein increases 92 

performance, measured as the product of weight gain and survival to pupation (K P Lee et al., 93 

2006; Povey et al., 2009, 2014), and lengthens the time to death for caterpillars dying post-94 

infection prior to pupation (Cotter et al., 2019; Wilson et al., 2020). In adult Drosophila 95 

melanogaster, higher protein increased survival 24 hours post-infection with bacterial infection 96 

(Kutzer et al., 2018) and higher protein as extra yeast on top of food increased number of days 97 

alive post-infection with a fungal pathogen (Le Rohellec & Le Bourg, 2009). In contrast, higher 98 

protein decreased survival measured up to 160 hours post-infection (J.-E. Lee et al., 2017), 16 99 

days post-infection in D. melanogaster (Ponton et al., 2020), and decreased survival 9 days 100 

post-infection in Bactrocera tryoni (Dinh et al., 2019). However, to date none of these 101 

experiments have directly measured the key trait of lifetime survival. Additionally, studies 102 

often only use a small number of diets (Dinh et al., 2019; Kutzer et al., 2018; Le Rohellec & 103 

Le Bourg, 2009; J.-E. Lee et al., 2017; Ponton et al., 2020), or manipulate both P:C and calories 104 

at the same time (Kutzer et al., 2018; Le Rohellec & Le Bourg, 2009; J.-E. Lee et al., 2017), 105 

making it hard to disentangle which aspect of the diet is affecting survival with injury or 106 

infection. Furthermore, no experiments have directly compared the effect of multiple diets on 107 

lifetime survival and reproduction in control, injured and infected individuals and thus tested 108 

the alternative predictions of the current evolutionary explanations of the DR response. 109 

Here we address this gap in our knowledge by testing the contrasting predictions of the 110 

current evolutionary explanations of the DR response by including additional stressors of injury 111 

and infection to dietary restricted D. melanogaster. We achieved DR by altering the P:C ratio 112 

of food (e.g. Jensen et al., 2015; Kwang Pum Lee et al., 2008) and thus throughout use the term 113 

protein restriction, although we acknowledge here this also means the associated increase in 114 

carbohydrate. We measured lifespan, reproduction, and indicators of aging, specifically the 115 

maintenance of gut integrity and climbing ability. These measures of aging are often used to 116 

track treatment specific declines in function (e.g. Grotewiel et al., 2005; Martins et al., 2018) 117 

and allows us to measure whether ageing is delayed with DR under all stress treatments. We 118 

predict that if the RRH explains DR responses, all treatments would see the usual pattern of 119 

DR, where decreasing protein increases survival up to a point and then survival declines again 120 

due to malnutrition (see review Mair & Dillin, 2008). Regardless of the stress treatment, 121 

reproduction would increase with increasing protein and ageing would be delayed with lower 122 
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protein. If the NRH explains DR responses, we would expect to see that with injury and 123 

infection, the lifespan increase expected under DR would disappear and injured and infected 124 

flies would not have the usual hump shape response of lifespan to decreasing protein in the 125 

diet. In addition, infected or injured individuals would not show delayed ageing with DR. 126 

Overall, only the control group with no stress treatment would show the usual DR responses. 127 
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METHODS: 128 

FLY STOCKS AND MAINTENANCE CONDITIONS: 129 

We used an outbred population of Drosophila melanogaster, created by crossing 113 130 

Drosophila Genetic Resource Panel (DGRP) (Mackay et al., 2012) lines in 100 pairwise crosses 131 

(consisting of two age-matched virgin females and two age-matched males from different 132 

DGRP lines; see supplementary methods) in vials containing modified Lewis food (Lewis, 133 

1960, see Table S1, 14% protein diet). The first generation of the outcross, referred to as the 134 

Ashworth outcrossed DGRP population, was made by placing all offspring from these initial 135 

pairwise crosses in a population cage and allowing them to interbreed and lay eggs. These were 136 

collected and deposited into bottles containing Lewis food, following the method of Clancy 137 

and Kennington (2001) for maintaining Drosophila populations at constant densities. To 138 

generate the next generation, each month the emerged adult flies from these bottles were pooled 139 

into a population cage to lay eggs following the same method of Clancy and Kennington (2001) 140 

(more information in supplementary methods). In this way, the outcrossed population was 141 

housed in plastic bottles and outbred for 19 non-overlapping generations of complete 142 

outcrossing in 12 h light:dark cycles, at 25 °C (±1 °C) and constant humidity. Many of the 143 

original DGRP lines carry the bacterial endosymbiont Wolbachia (Mackay et al., 2012). The 144 

DGRP panel maintained the lab was cleared of Wolbachia over seven years prior to the creation 145 

of the outcrossed population. 146 

From the 20th overlapping generation of this outcrossed population, 4 µl of egg solution 147 

were placed into 20 plastic vials with modified Lewis food. After one generation, the adults 148 

were split into 50 vials, and to 60 vials from the second generation onwards. To create each 149 

generation, adults were transferred to new vials and allowed to lay eggs for two days before 150 

removal. Flies used for the experiment were offspring of the fifth generation from this protocol. 151 

The DGRP outcrossed population tested negative for common Drosophila laboratory viruses 152 

using primers described in Webster et al. (2015) with RT-PCR (M. A. Wallace, data not shown, 153 

March-April 2017). 154 

EXPERIMENTAL METHODS: 155 

Adults of the fifth generation were density controlled (10 females/vial) to minimise 156 

subsequent variation in larval densities across vials, which can affect adult life-history traits 157 

(Graves & Mueller, 1993). Mated females were allowed to lay eggs for two days and then were 158 
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removed. Vials were checked daily for adult eclosion. Flies were then maintained in vials for 159 

five days after adult eclosion began to allow mating to occur after which mated female flies 160 

from over 30 of these vials were transferred into the experiment following handling under CO2 161 

anaesthetisation. At this point, individual flies were singly housed on one of the ten diet 162 

treatments for the first experimental day (see below). On experimental day 2, flies from each 163 

diet treatment were assigned to one of three stress treatments: control, injury or infection (see 164 

below). There were 20 replicate flies per diet and stress treatment combination (20 individuals 165 

x 3 treatments x 10 diets = 600 flies in total). 166 

DIET TREATMENTS: 167 

For the adult lifespan of each fly, flies were maintained on one of ten diets varying in 168 

protein to carbohydrate (P:C) ratio. These diets were made by altering the mass of yeast or 169 

sugar added to the modified Lewis food recipe (Lewis, 1960, Table S1). These diets were a 170 

span of P:C values (from 1:26 to 2.5:1 P:C), where protein restriction has previously been 171 

shown to extend lifespan (Kwang Pum Lee, 2015). 172 

STRESS TREATMENTS: 173 

On experimental day 2, flies were exposed to one of three stress treatments: control, 174 

injury or infection. The control treatment involved handling flies under CO2 anaesthetisation 175 

and then transferring these to a new vial containing the relevant diet. The injury treatment 176 

involved the same protocol, however an enamelled pin was dipped in sterile LB broth and used 177 

to pierce the pleural suture under the left wing. For the infection treatment, the pin was dipped 178 

in a Pseudomonas entomophila bacterial broth from an overnight culture in LB at 30 °C and 179 

used to pierce the pleural suture under the left wing (following Dieppois et al., 2015; Troha & 180 

Buchon, 2019, see also Chakrabarti et al., 2012; Vodovar et al., 2005 for more information on 181 

the pathogen). To avoid lethal or negligible doses, an OD of 0.005 of P. entomophila culture 182 

was used for infections, as determined in a previous pilot study (J. A. Siva-Jothy, data not 183 

shown, November, 2017). 184 

SURVIVAL AND FECUNDITY MEASURES: 185 

Individuals were followed for life with survival scored daily. For the first two weeks of 186 

the experiment, individuals were tipped into fresh vials daily and afterwards every second day, 187 

with eggs (hatched and unhatched) counted when tipped. Any additional eggs in the vial were 188 

counted if a fly died on a day without a scheduled egg count. Diets and stress treatments were 189 
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randomised across trays and trays were moved around the incubator daily to minimise 190 

microclimate effects. 191 

MEASURES OF PHYSIOLOGICAL AGEING: 192 

GUT DETERIORATION (SMURF) ASSAY: 193 

In D. melanogaster, and other species (Martins et al., 2018), physiological ageing is 194 

associated with increased gut permeability, which can be assessed by feeding flies food with a 195 

blue dye and observing a change in body colour if the dye leaks from the gut (Rera et al., 2011). 196 

All diets included a blue food dye following Rera et al. (2011) at a lower concentration (Table 197 

1), to allow individuals to be scored for the <smurf= phenotype with age (Rera et al., 2011). 198 

Flies were scored as smurfs if the full body was blue, rather than just a small amount of blue 199 

in the abdomen (Rera et al., 2011). 200 

NEGATIVE GEOTAXIS (NG) ASSAY: 201 

As flies age, their escape response declines and this deterioration can be measured with 202 

a negative geotaxis (NG) assay (e.g. Arking & Wells, 1990; Gargano et al., 2005; Linderman 203 

et al., 2012). NG was measured once every two weeks from week three, with a method modified 204 

from Arking and Wells (1990, see supplementary methods). Briefly, flies were individually 205 

tipped into clean vials, knocked down to the bottom and then scored for whether they climbed 206 

to 4 cm on the vial within 60 seconds (1 for passing line, 0 for not passing the line). 207 

STATISTICAL METHODS: 208 

The data were analysed using R software, version 3.5.2 (R Core Team, 2014) and all 209 

graphs were drawn using ggplot2 (Wickham, 2016). Diet was analysed as a continuous 210 

covariate representing the percentage of protein in the diet (Table S1) and its quadratic effect 211 

to allow for non-linear effects, while stress treatment was analysed as a categorical fixed effect. 212 

To avoid scaling errors when fitting quadratic effects, all variables were standardised to a mean 213 

of zero with a standard deviation of one. This was done separately for each test due to different 214 

sample sizes for different traits. 215 

SURVIVAL: 216 

We used the R Survminer package (Kassambara & Kosinski, 2018) to graph Kaplan-217 

Mayer curves individually for each stress treatment with diet as a factor. Our survival data did 218 

not follow the assumptions of a Cox proportional hazards model (see supplementary methods), 219 
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and therefore we used an event history model where survival was analysed as a binomial trait, 220 

with each day a fly scored as a 0 for being alive and 1 for dead, following Moatt et al. (2019). 221 

We used the R package MCMCglmm (Hadfield, 2010) to model survival as a binomial variable 222 

with a categorical model. The model contained the fixed effects of stress treatment, protein 223 

content and its squared term (to model non-linear effects) and their interaction. Censored flies 224 

were included in the analysis (27 individuals, so 4.5% of the total), scoring a 0 until the day of 225 

censoring. A random effect of individual identity was included to account for repeated 226 

measures on the same individual and a random effect of experimental day was added to account 227 

for variation in survival across days. Parameter expanded priors were placed on all random 228 

effects (� = 1, ÿ� = 1, �ý�ℎ�.þ� = 0, �ý�ℎ�. � = 1000). The residual variance was fixed 229 

to 1, as it is inestimable in a binomial model. The model was run for 5,200,000 iterations, with 230 

a burnin of 1,200,000 iterations and a thinning interval of 4,000 iterations to minimise 231 

autocorrelation. Autocorrelation was checked from plots of the posterior distribution of all 232 

estimates for this and all subsequent models. 233 

We also analysed lifespan to confirm the results of the survival analysis. Lifespan, the 234 

number of days an individual survived, was analysed using a generalised linear model with 235 

MCMCglmm. Censored flies were removed from the analysis. A Poisson family error 236 

distribution was assumed and the model was run for 65,000 iterations with a thinning interval 237 

of 50 iterations and a burnin of 15,000 iterations to minimise autocorrelation. Protein content, 238 

its squared term, stress treatments and their interactions were included as fixed effects. An 239 

inverse Gamma prior was placed on the residual variance (� = 1 and ÿ� = 0.002). 240 

REPRODUCTION: 241 

Lifetime reproduction was measured as the sum of all eggs counted per female over her 242 

life. The effect of stress treatment, protein content, its squared term and their interactions were 243 

analysed using a MCMCglmm model with a Poisson error distribution. The model was run for 244 

130,000 iterations, with a burnin of 30,000 iterations and a thinning interval of 100 iterations 245 

to minimise autocorrelation. An inverse Gamma prior was placed on the residual variance (� =246 1 and ÿ� = 0.002). To remove the effect of lifespan on reproduction, the same model with the 247 

effect of mean centered lifespan for each fly was analysed separately, except with 650,000 248 

iterations, a burnin of 150,000 iterations and a thinning interval of 500. As an additional 249 

analysis to remove the effect of lifespan on reproduction and to compare our data with other 250 

studies using measures of early reproduction, early egg production was analysed separately. 251 
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Egg counts from experimental day 2 (day after stress treatment) to day 7 were considered, as 252 

the first day egg counts were very low and were very similar across diets (Figure S1). Only 253 

individuals which lived to day 7 were considered. A MCMCglmm model with a Poisson error 254 

distribution was run with 260,000 iterations, a burnin of 60,000 iterations and a thinning 255 

interval of 200 iterations. An inverse Gamma prior was placed on the residual variance (� = 1 256 

and ÿ� = 0.002). The effect of stress treatment, protein content and its squared term were 257 

included in the model. 258 

REPRODUCTIVE AGEING: 259 

To investigate reproductive senescence, daily egg counts were analysed using 260 

MCMCglmm with a Poisson error distribution. When egg counts changed from daily to every 261 

second day counting, all values that correspond to eggs produced over two days were divided 262 

by two and rounded down to the nearest integer. Fixed effects included stress treatment, protein 263 

content and age (in days) and their squared terms, and all interactions. Mean centred lifespan 264 

was included as a fixed effect to control for selective disappearance (Van de Pol & Verhulst, 265 

2006) and individual ID was included as a random effect to control for repeated measures on 266 

the same individual. Models were run for 2,600,000 iterations, with a thinning interval of 1,500 267 

and a burnin of 600,000. A parameter expanded prior was used for the random effect of 268 

individual (� = 1, ÿ� = 1, �ý�ℎ�.þ� = 0, �ý�ℎ�. � = 1000) and an inverse Gamma prior 269 

placed on the residuals (� = 1 and ÿ� = 0.002). 270 

GUT DETERIORATION (SMURF) ASSAY: 271 

 A fly was scored as a smurf if it developed a non-disappearing blue body appearance 272 

(1 for smurf, 0 for no smurf) at any point during its life. This binomial variable was analysed 273 

with a categorical model using MCMCglmm. This model included the fixed effects of stress 274 

treatment, protein content, its squared term and their interactions. Models were run for 275 

26,000,000 iterations, with a thinning interval of 20,000 and a burnin of 6,000,000. The 276 

residuals variance was fixed to 1 as explained above. 277 

NEGATIVE GEOTAXIS (NG) ASSAY: 278 

 We analysed the data from the negative geotaxis experiments as a binomial variable (1 279 

for climbing 4 cm in 60 seconds, 0 for failing to do this) using a categorical family in 280 

MCMCglmm. Stress treatment, protein content and age and their squared terms, their 281 

interactions and mean centred lifespan were included as fixed effects and individual identity as 282 
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a random effect. The model was run for 3,900,000 iterations, with a thinning interval of 3,000 283 

and a burnin of 900,000. A parameter expanded prior was used for individual identity (� = 1, 284 ÿ� = 1, �ý�ℎ�.þ� = 0, �ý�ℎ�. � = 1000) and the residual variance was fixed to 1 as 285 

explained above.  286 
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RESULTS: 287 

SURVIVAL AND LIFESPAN: 288 

Analysing the survival data with an event history binomial model, protein had a 289 

significant non-linear effect on survival, with survival highest on diets containing an 290 

intermediate protein level (Figure 1 and S2; Table S2; Protein2 = 0.48 (95% credible interval 291 

(CI) = 0.26 to 0.71), p = <0.001). Stress treatment had a significant effect on survival, with 292 

individuals exposed to infection having a greater risk of death compared to control individuals 293 

for the duration of the experiment (Table S2; Infection = 0.66 (95% CI = 0.28 to 1.10) p = 294 

0.002). There was no significant difference between injury and control treatments (Table S2; 295 

Injury = 0.14 (95% CI = -0.32 to 0.57), p = 0.54). There was a significant interaction between 296 

protein and stress, with survival increasing more rapidly from low to intermediate protein levels 297 

for the infected treatment than for any other treatment (Figure 1 and S2; Table S2; 298 

Infection:Protein = -0.31 (95% CI = -0.57 to -0.10), p = 0.004). Survival was still maximised 299 

at relatively similar protein levels across treatments and the improvement in survival with 300 

reduced protein from very high protein levels (i.e. the classical DR response in D. 301 

melanogaster) did not differ across treatments (Figure 1 and S2; Table S2; Injury:Protein2 = -302 

0.16 (95% CI = -0.51 to 0.18), p = 0.36; Infection:Protein2 = -0.01 (95% CI = -0.33 to 0.30), p 303 

= 0.99). Analysing lifespan (in days) showed very similar patterns to the binomial survival 304 

analysis (Figure S3 and S4; Table S3). Although our survival data violated the Cox proportional 305 

hazards model assumptions (see supplementary methods), the results from a Cox proportional 306 

hazards model were similar to those from the event history and lifespan models (Figure S5; 307 

Table S4). 308 

REPRODUCTION: 309 

Lifetime egg production was highest at high but not the highest protein levels, with flies 310 

on low protein diets in particular producing very few eggs (Figure 2 and S6; Table S5; Protein 311 

= 1.45 (95% CI = 1.23 to 1.64), p = <0.001; Protein2 = -1.36 (95% CI = -1.68 to -1.02), p = 312 

<0.001). Stress treatment had no significant effect on the lifetime number of eggs produced 313 

(Table S5; Injury = 0.19 (95% CI = -0.34 to 0.72), p = 0.49; Infection = -0.33 (95% CI = -0.90 314 

to 0.16), p = 0.26), but there was a significant interaction between stress treatment and both 315 

protein and its squared term (Table S5; Infection:Protein = 0.47 (95% CI = 0.16 to 0.77), p = 316 

0.01; Infection:Protein2 = -0.47 (95% CI = -0.93 to -0.04), p = 0.04). These interactions 317 

suggests that infected individuals had a higher linear increase in lifetime eggs with increasing 318 
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protein, but this relationship was also more curved, than in either the control or injury group. 319 

Despite these significant interactions, the broad pattern of change in egg counts with changing 320 

protein level is similar across stress treatments (Figure 2). 321 

To control for variation in lifetime egg production due to differences in lifespan, early-322 

life egg production was also analysed. For eggs produced in the first week, excluding the first 323 

day, the patterns were similar to those of lifetime egg production (Figure S6, S7 and S8; Table 324 

S5 and S6). However, the decline in egg production at higher protein levels was reduced, such 325 

that early-life egg production plateaus after reaching a maximum at intermediate protein levels, 326 

with a slight decline at very high protein levels (Figure S8; Table S6; Protein2 = -0.86 (95% CI 327 

= -1.34 to -0.41), p = <0.001). There was no effect of stress treatment on early-life egg 328 

production (Figure S8; Table S6; Infection:Protein = -0.24 (95% CI = -0.74 to 0.20), p = 0.32; 329 

Infection:Protein2 = -0.14 (95% CI = -0.85 to 0.57), p = 0.74). Similar patterns were seen in 330 

models of lifetime egg production with mean centred lifespan included in the model (Figure 331 

S9; Table S7), suggesting that differences in lifetime reproduction between stress treatments 332 

are driven by the short lifespan of infected flies on low protein diets (Figures 2, S8 and S9). As 333 

might be expected, flies with longer lifespans had more eggs over their life than shorter-lived 334 

flies (Table S7, Lifespan = 0.93 (95% CI = 0.83 to 1.04), p = <0.001). 335 

AGEING: 336 

DAILY EGG PRODUCTION: 337 

Overall, individuals produced most eggs per day early in life, with significantly 338 

declining egg production with age (Figure 3 and S10; Table S8; Age = -0.32 (95% CI = -0.40 339 

to -0.23), n = <0.001), but this decline was non-linear (Figure 3 and S10; Table S8; Age2 = -340 

0.52 (95% CI = -0.59 to -0.44), p = <0.001). With higher protein, individuals were able to 341 

produce significantly more eggs per day (Figure 3 and S10; Table S8; Protein = 1.31 (95% CI 342 

= 1.12 to 1.52), p = <0.001). However, at very low and high levels of protein, egg production 343 

reduced (Figure 3 and S10; Table S8; Protein2 = -1.5 (95% CI = -1.51 to -1.81), p = <0.001). 344 

There were numerous significant two-, and three-way interactions in the model. Overall, these 345 

interactions suggest that the curved relationship between reproduction and age is greatest for 346 

infected individuals on intermediate to high (but not the highest) protein diets (Figure 3 and 347 

S10; Table S8). Injured individuals show a similar pattern to infected individuals, but the 348 

curvature with age is generally less than for infected individuals (Figure 3 and S10; Table S8). 349 

For control individuals, again the decline in reproduction with age is steepest at higher protein 350 
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levels, but not at the highest protein levels and the relationship between age and daily egg 351 

production is least curved. There was a significant effect of lifespan on daily egg production, 352 

suggesting that longer-lived individuals produced more eggs per day (Table S8; Lifespan = 353 

0.21 (95% CI = 0.11 to 0.31), p = <0.001). 354 

GUT DETERIORATION (SMURF) ASSAY: 355 

 To assess gut integrity as a measure of ageing, flies were fed blue food and were scored 356 

as a smurf if they turned blue due to the blue food leaking from the gut. Only 11.0% of flies 357 

(63/573, excluding censored flies) became smurfs throughout the experiment, so these results 358 

should be interpreted with some caution. Diets lower in protein had more smurfs (Figure S11 359 

and S12; Table S9; Protein = -0.75 (95% CI = -1.24 to -0.21), p = 0.004). There was a 360 

significant two-way interaction between injury treatment and protein content, where the decline 361 

in the proportion of smurfs with increasing protein content was stronger in the injury treatment 362 

than in the control treatment (Figure S12; Table S9; Injury:Protein = -1.96 (95% CI = -4.07 to 363 

-0.11), p = 0.01). There was also a significant interaction between stress treatment and the 364 

quadratic effect of protein (Table S9; Injury:Protein2 = -2.09 (95% CI = -4.22 to -0.47), p = 365 

0.14; Infection:Protein2 = -1.73 (95% CI = -3.13 to -0.37), p = 0.01). This suggests that in 366 

infected individuals, the proportion of smurfs peaked at intermediate protein levels and then 367 

declined at both high and low protein levels. As smurfs start appearing at a later-life stage, low 368 

survival in the infected individuals on high and low protein diets may be driving this effect. 369 

NEGATIVE GEOTAXIS (NG) ASSAY: 370 

 By assessing escape response as a measure of ageing, protein had a significant non-371 

linear effect on the proportion of flies passing the negative geotaxis test (Figure S13 and S14; 372 

Table S10). The likelihood of passing the test decreased with increasing protein (Table S10; 373 

Protein = -0.65 (95% CI = -1.01 to -0.32), p = <0.001), but the rate of this decline slowed at 374 

the highest protein levels (Table S10; Protein2 = -0.70 (95% CI = -1.21 to -0.21), p = 0.01). 375 

Overall, there were no differences between control, injured or infected flies in passing the test 376 

(Figure S13 and S14; Table S10). Older flies were less likely to pass the test (Table S10; Age 377 

= -3.57 (95% CI = -4.04 to -3.07), p = <0.001). There was an effect of selective disappearance, 378 

where longer-lived individuals passed the test at a higher rate than individuals with shorter 379 

lifespans did (Table S10, Lifespan = 0.84 (95% CI = 0.64 to 1.02), p = <0.001). Having 380 

controlled for lifespan, the proportion of flies passing the NG test declined more steeply with 381 
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age on higher protein diets (Figure S14, Table S10, Protein:Age = -0.78 (95% CI = -1.06 to -382 

0.49), p = <0.001).  383 
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DISCUSSION: 384 

Our results provide a rare test of the predictions of two alternative evolutionary 385 

explanations for the commonly observed extension of lifespan in response to dietary restriction 386 

(DR). In particular, we tested the predictions of the nutrient recycling hypothesis (NRH) that 387 

DR will not extend lifespan with the addition of injury and infection to the usually benign 388 

laboratory environment (Adler & Bonduriansky, 2014). Alternatively, the resource reallocation 389 

hypothesis (RRH) does not make this prediction (Shanley & Kirkwood, 2000). We applied 390 

both multiple stressors and diets ranging in protein to carbohydrate (P:C) ratios to a population 391 

of outbred female Drosophila melanogaster to test these predictions. Our data showed that 392 

lifespan extension and delayed ageing with DR remained even with the addition of injury and 393 

infection, therefore supporting the RRH. 394 

A small number of other studies have also considered predictions from the NRH. One 395 

tested the prediction that reproduction should decline if autophagy is inhibited under DR, but 396 

found that this was not the case in Caenorhabditis elegans (Travers et al., 2020). An 397 

experimental evolution study in D. melanogaster males hypothesised that according to the 398 

NRH, individuals under DR should be more efficient at using the available resources, and thus 399 

under long-term DR, experimental evolution lines should evolve to have higher reproductive 400 

performance and increased survival with DR (Zajitschek et al., 2016). Against their predictions 401 

for support of the NRH, there was no change in survival, although the DR selection lines did 402 

have higher reproductive performance (Zajitschek et al., 2016). One of the most direct tests of 403 

the NRH would be to investigate the effect of DR on lifespan in the wild. A recent study using 404 

wild and captive antler flies found that protein restriction lowered mortality rate even in non-405 

laboratory conditions (Mautz et al., 2019), contradicting the suggestion of the NRH that DR 406 

would have no benefit in the wild due to higher extrinsic mortality rate and stressors (Adler & 407 

Bonduriansky, 2014). This pattern was only present in one of the two years included in the 408 

study, highlighting the need for further studies. In general it appears that the predictions of the 409 

NRH are not being met in the studies conducted to date (Adler & Bonduriansky, 2014). 410 

Across all stress treatments, survival and lifespan were maximised at intermediate 411 

protein levels and declined at very high and low protein levels, typical of the DR response 412 

through P:C ratios (Carey et al., 2008; Kwang Pum Lee, 2015; Skorupa et al., 2008) or through 413 

other methods of DR (e.g. Bishop & Guarente, 2007; Clancy et al., 2002; K P Lee et al., 2006; 414 

Magwere et al., 2004; Pletcher et al., 2005 see also meta-analysis Nakagawa et al., 2012). In 415 
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particular, survival on low protein diets was very low for infected flies, suggesting that protein 416 

is important for survival when exposed to infection. Although our use of multiple stressors and 417 

diets and monitoring lifetime survival rather than survival proxies is novel, some previous work 418 

on DR and stress treatments in insects is relevant to our results. In a study using a range of 419 

temperatures and P:C diets in D. melanogaster, increasing temperature both reduced lifespan 420 

and reduced the decrease in lifespan with higher protein, although there still appeared to be a 421 

slight decrease in lifespan on the highest protein diets (Kim et al., 2020). In terms of infection, 422 

higher protein increased larval performance (a product of survival and weight gain) of infected 423 

caterpillars prior to pupation in Spodoptera littoralis (K P Lee et al., 2006) and Spodoptera 424 

exempta (Povey et al., 2009, 2014). Also, for Spodoptera littoralis caterpillars which died post-425 

infection, time to death is lengthened on higher protein diets (Cotter et al., 2019; Wilson et al., 426 

2020). Similar protein effects have been found in D. melanogaster even though survival was 427 

only measured for a short time post-infection. With a fungal infection, the addition of live yeast 428 

on top of food was found to increase the number of days alive post-infection (Le Rohellec & 429 

Le Bourg, 2009). In the same host-pathogen study as used here, yeast restriction reduced D. 430 

melanogaster survival 24 hours post-infection with Pseudomonas entomophila, but there was 431 

no effect of yeast restriction on survival 24 hours post-infection with Lactococcus lactis 432 

(Kutzer et al., 2018). It should be noted that this study only changed the amount of yeast and 433 

therefore includes both calorie and protein restriction. Together these results suggest that, 434 

although increased protein may improve survival under exposure to a stressor, there may be an 435 

optimal level of protein above which survival is reduced. 436 

There are also a small number of recent studies that show the opposite pattern to our 437 

results, where infected individuals on lower protein diets have improved performance (Dinh et 438 

al., 2019; J.-E. Lee et al., 2017; Ponton et al., 2020). Several methodological differences make 439 

direct comparison difficult. These studies only use two or three diets, with one using liquid 440 

diets (Dinh et al., 2019), with much lower protein to carbohydrate ratios to the ones used in our 441 

study. In the one study that did use diets with comparable protein levels to ours (one diet at 442 

52% protein), survival on this diet for 16 days post treatments in all treatments was very low 443 

(Ponton et al., 2020). In comparison, this diet is similar to the diet with the highest survival in 444 

our study. Other than methodological differences, the particular host-parasite system used 445 

across studies may be driving these differences. In a meta-analysis of the effect of host nutrition 446 

on pathogen virulence, nutrition quality or quantity did not have a consistent effect on the host 447 

performance, with both positive or negative effects on virulence depending on the system (Pike 448 
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et al., 2019). To understand what effects protein has on short-term infection outcomes, many 449 

different measures of the host or pathogen have been studied. For example, higher protein has 450 

been found to decrease (Kutzer & Armitage, 2016; Wilson et al., 2020), increase (Dinh et al., 451 

2019; J.-E. Lee et al., 2017), or have no effect on bacterial growth (Kutzer et al., 2018) post-452 

infection. A measure of the immune response, the production of antimicrobial peptides, has 453 

either increased (K P Lee et al., 2006; Povey et al., 2009, 2014) or decreased (Ponton et al., 454 

2020) on higher protein post-infection. In caterpillars, higher protein has been seen to increase 455 

the functional immune response post-infection (Cotter et al., 2019) and increase the amount of 456 

protein in the haemolymph (Cotter et al., 2010; Povey et al., 2009), which might be affecting 457 

the growth of bacteria (Wilson et al., 2020). To understand why lower protein lowers survival 458 

in the infected flies in our host-pathogen system in comparison to other studies better, further 459 

work on measures of the host response and pathogen are needed. 460 

Injured flies in our study also showed a lifespan benefit in response to modest protein 461 

restriction. Surprisingly, injury had no measurable effect on survival. In D. melanogaster, there 462 

are conflicting results of injury effects, potentially due to the methods of applying injury. Injury 463 

to the thorax has been seen to increase lifespan in young male flies but this effect was absent 464 

in young female or older flies (Henten et al., 2016). In contrast, injury by removing leg parts 465 

increased mortality rates in the first 28 days post-injury in male but not female flies (Sepulveda 466 

et al., 2008). Both studies housed flies in groups, limiting direct comparisons to our results. In 467 

terms of diet effects on injury, injured D. melanogaster have been found to have similar 468 

survival to control flies 16 days post-injury but only if they were on the lowest protein diet (4% 469 

protein) of the three tested (Ponton et al., 2020). In contrast, protein had no statistically 470 

significant effect on performance prior to pupation for injured caterpillars (Povey et al., 2009). 471 

As injury in D. melanogaster activates immune response pathways (e.g. Agaisse et al., 2003; 472 

Hoffmann & Reichhart, 2002), indicating it is a stressor to the flies, understanding why flies 473 

on different diets do not show lifespan differences if injured is an interesting area of future 474 

research. 475 

Although the pattern of a tent-shaped response of survival and lifespan to increasing 476 

levels of protein restriction seen here is typical of many other studies (Carey et al., 2008; Kim 477 

et al., 2020; Kwang Pum Lee, 2015; Skorupa et al., 2008), it does contrast with recent studies 478 

suggesting lifespan is maximised on diets with very low protein:carbohydrate (e.g. mice 479 

(Solon-Biet et al., 2014), crickets (Harrison et al., 2014; Maklakov et al., 2008), B. tryoni 480 

(Fanson et al., 2009, 2012), and D. melanogaster (Jensen et al., 2015; Kwang Pum Lee et al., 481 
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2008). These studies use a nutritional geometry approach where a very large number of diets 482 

that vary in both calories and macronutrient ratio are used in order to separate the effects of 483 

these two variables. One reason our results may differ is due to difference in the delivery of the 484 

diets. Most studies using nutritional geometry in D. melanogaster have used liquid diets that 485 

allow fine scale measures of intake, but result in very low survival rates across all diets (Jensen 486 

et al., 2015; Kwang Pum Lee et al., 2008). One nutritional geometry study using D. 487 

melanogaster with solid diets found that lifespan was maximised on intermediate protein and 488 

lifespan was overall greater than in the liquid diet results (Skorupa et al., 2008). A study using 489 

eight solid diets in male D. melanogaster found that low P:C ratio diets maximised lifespan, 490 

but that the lowest P:C ratio decreased lifespan (Bruce et al., 2013). A study using both male 491 

and female D. melanogaster found that low P:C ratios with solid food increased lifespan in 492 

females, but that this response was curved and the longest lifespan was at 1:4 P:C (Kim et al., 493 

2020). This suggests that diet delivery may have effects on survival, at least in D. melanogaster. 494 

In comparison, B. tryoni have longer lifespans on liquid diets (Fanson et al., 2009, 2012) 495 

compared to D. melanogaster liquid diets. Other studies in crickets (Harrison et al., 2014; 496 

Maklakov et al., 2008) or mice (Solon-Biet et al., 2014) use solid diets, so more work is needed 497 

to understand the causes of the differences between studies. 498 

Lifetime reproduction was maximised at intermediate protein levels, although at a 499 

slightly higher protein level than lifespan, a result which has been seen in other studies (Fanson 500 

et al., 2009; Harrison et al., 2014; Jensen et al., 2015; Kwang Pum Lee et al., 2008; Maklakov 501 

et al., 2008). However, some studies have shown that lifetime egg production is maximised at 502 

the highest protein level (Carey et al., 2008; Moatt et al., 2019). Patterns in lifetime 503 

reproduction could be driven by differences in lifespan rather than reproductive rate, especially 504 

as longer-lived flies have been seen to lay more eggs (Jensen et al., 2015). By incorporating 505 

lifespan into our model of lifetime egg production and by analysing early-life egg production, 506 

we found that egg production still peaked at intermediate protein levels, but with higher protein, 507 

the decline in egg production was not as steep as with lifetime eggs. Similarly, measures of egg 508 

laying rate have been found to peak at intermediate protein diets in other studies (Fanson et al., 509 

2009, 2012; Harrison et al., 2014; Jensen et al., 2015; Kim et al., 2020; Kwang Pum Lee et al., 510 

2008; Maklakov et al., 2008) as with early-life reproduction (Rapkin et al., 2018). However, 511 

early-life egg production has also been seen to peak at the highest protein diet (Kwang Pum 512 

Lee, 2015; Skorupa et al., 2008). These inconsistencies may be due to the slight differences in 513 

diet composition used in these studies, for example by using chemically defined diets (Kwang 514 
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Pum Lee, 2015) or by not including cornmeal in the diets (Skorupa et al., 2008). However, the 515 

broad pattern that reproduction is maximised on higher protein diets than lifespan appears 516 

consistent across studies. 517 

In terms of stress treatment and reproduction, across control, injury and infection 518 

treatments, we saw the same patterns of highest egg counts on intermediate protein. Infected 519 

flies overall produced fewer eggs in comparison to the control or injured flies, as seen in many 520 

studies focusing on the reproduction-immunity trade off (reviewed in Schwenke et al., 2016). 521 

If lifespan was accounted for in the lifetime reproduction models, or only early-life 522 

reproduction was considered, there was no difference in reproduction between the stress 523 

treatments. This suggests that the pattern of lower lifetime reproduction in infected flies is most 524 

likely due to infected flies having shorter lifespans. Similar to our results, in D. melanogaster 525 

yeast restriction had a larger effect on early-life egg production than infection (Kutzer et al., 526 

2018; Kutzer & Armitage, 2016). Contrary to our results, limited availability of food and an 527 

immune challenge with dead bacteria reduced egg production rate in early-life in crickets 528 

(Stahlschmidt et al., 2013). Injury in the form of leg removal reduced egg production in the 529 

first 10 days of D. melanogaster housed in groups (Sepulveda et al., 2008). Additionally, oral 530 

infection with Pseudomonas aeruginosa increased early-life egg production but only on higher 531 

protein diets (Hudson et al., 2019). Using a range of temperatures, egg production rate in early-532 

life in D. melanogaster was reduced at high and low temperatures, however intermediate to 533 

high protein diets had the highest egg production rates at intermediate temperatures (Kim et 534 

al., 2020). Higher temperatures increased egg production rate at higher protein diets (Kim et 535 

al., 2020). Therefore, the methods of stress response or the particular host-pathogen system 536 

may have an effect on the response of host reproduction on different diets. 537 

 The patterns of reproductive ageing involved complex interactions between diet and 538 

stress treatment. Broadly, there were similar patterns of ageing across treatments and diets, 539 

with an increase in egg production early in the experiment, followed by a peak and then 540 

diminishing egg numbers, as seen in other experiments (Carey et al., 2008; Le Rohellec & Le 541 

Bourg, 2009). These peaks were higher for the high protein diets (but not necessarily the 542 

highest), most likely due to the requirement of protein for egg production (Mirth et al., 2019; 543 

Wheeler, 1996). Diets with low protein levels (e.g. 3 to 18% protein) had the slowest rate of 544 

decline in egg production with age. This could simply be a result of high protein diets having 545 

much higher egg production earlier in life and thus a greater potential decline than low protein 546 

diets. It is notable that high protein diets decline rapidly in egg production early in life before 547 
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the rate of decline reduces to that of lower protein diets later in life, suggesting there is an 548 

initially higher rate of ageing on higher protein diets. Additionally, the control flies have a more 549 

linear decline in egg laying, suggesting that injury and infection might slightly delay egg 550 

production. Previous studies have also found ageing in female reproduction was quicker on 551 

higher protein diets (Jensen et al., 2015; Moatt et al., 2019). Without directly testing for ageing 552 

in egg production, similar patterns of quicker declines in egg production on higher protein and 553 

calorie diets have been seen in the tephritid fruit fly (Carey et al., 2008) and in D. melanogaster 554 

supplemented with live yeast on top of food (Le Rohellec & Le Bourg, 2009). One study in 555 

crickets found no significant relationship between ageing in egg laying and protein in diet in 556 

females (Maklakov et al., 2009). Overall, these similarities across studies suggest diet interacts 557 

with reproductive ageing in a broadly similar way across species. 558 

 Other than ageing in reproduction, we also investigated ageing in traits that are not 559 

implicated in the survival-reproduction trade-off, as delayed ageing is a known DR response 560 

(e.g. Ingram et al., 1987; Le Rohellec & Le Bourg, 2009; Mattson et al., 2001; Regan et al., 561 

2016; Rera et al., 2012). Measuring escape response across lifespan, we used the negative 562 

geotaxis (NG) assay, and found that ageing was delayed on lower protein diets, as has been 563 

found in another study limiting the addition of live yeast on food (Le Rohellec & Le Bourg, 564 

2009). This is also consistent with the pattern that DR animals have an increased activity pattern 565 

(Duffy et al., 1997). A study using two genetic backgrounds of D. melanogaster found the 566 

effect of DR on NG was inconsistent across genotype (Bhandari et al., 2007), however they 567 

simultaneously manipulated calories and nutrient composition making direct comparison to our 568 

results difficult. We did not see effects of stress treatment on NG, in contrast to a study where 569 

infection reduced the NG response in one of two tested D. melanogaster genetic backgrounds 570 

(Linderman et al., 2012). These differences suggest there may be dissimilarities in the response 571 

to DR depending on the genetic background. Given the flies used in our study are genetically 572 

heterogeneous, the patterns we observe should be representative of the average genotype in 573 

this population. 574 

We also measured the loss of gut integrity of flies with age using a smurf assay, which 575 

has been found to be more common in flies on unrestricted diets (Regan et al., 2016; Rera et 576 

al., 2012). Unexpectedly, we saw higher numbers of smurfs appearing at lower protein diets in 577 

the control and injury treatments, whilst in the infected treatment the number of smurfs was 578 

highest at intermediate protein levels. This is surprising in the infected flies as Pseudomonas 579 

entomophila infection is known to disrupt the gut (Chakrabarti et al., 2012; Dieppois et al., 580 
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2015). One explanation for the patterns we observe in the control and injury treatment is that 581 

the lowest protein diets used in this study are particularly low and therefore may represent 582 

malnourished conditions, leading to an increase in the number of smurfs. Nonetheless, we 583 

would still expect to see a reduction in the number of smurfs at intermediate protein levels. In 584 

addition, for infected flies, the high mortality at high and low protein levels may result in flies 585 

dying before reaching the age where smurfs start appearing. The major problem with 586 

interpreting these patterns in our experiment is the very low number of smurfs that appeared, 587 

meaning these patterns may not be robust. Additionally, we analysed the smurf trait as a binary 588 

variable, however it has been found to be a continuous trait, where at some point all individuals 589 

develop the trait (Martins et al., 2018). Therefore, by measuring the phenotype as a binary trait 590 

with only clear smurfs counted, we may have been missed some more subtle patterns. More 591 

work is required to understand how the relationship between protein restriction and the 592 

appearance of smurfs varies with exposure to injury and infection. 593 

Overall, the addition of injury and infection did not remove the lifespan benefit of 594 

protein restriction or the delay in reproductive ageing. Our study therefore provides no 595 

evidence to support the nutrient recycling hypothesis of the lifespan response to dietary 596 

restriction. Even though there were minor differences between the stress treatments in the 597 

relationship between protein content of the diet and survival, the major pattern of survival being 598 

maximised at intermediate protein levels was maintained across stress treatments. With 599 

infection, survival was particularly poor on the lowest protein diets, whilst in the other 600 

treatment groups this difference was not as dramatic. The explanation for this pattern requires 601 

further investigation. Our results and those of other studies suggest that the resource 602 

reallocation hypothesis remains the best-supported evolutionary explanation for the lifespan 603 

benefit of dietary restriction.  604 
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FIGURES: 957 

 958 

Figure 1: Effects of protein restriction on survival of flies infected with a bacterial pathogen 959 

(<Infection=), injured by a pinprick (<Injury=) or with no treatment (<Control=). Survival is 960 

shown as Kaplan-Meier curves for each stress treatment and protein restriction diets (A). For 961 

ease of interpretation, a subset of protein restriction diets is shown in (B) to illustrate the effects 962 

of protein restriction with low (yellow and green lines), intermediate (light blue lines) and high 963 

protein content (dark blue and black lines). Survival was maximized on intermediate protein 964 

across all stress treatments, as survival was poor on low (yellow line) and high protein diets 965 

(black line). Plus signs (+) indicate censored data points. 966 
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 967 

Figure 2: Model predictions of the effect of protein restriction on the lifetime egg production 968 

of flies infected with a bacterial pathogen (blue data points and lines), injured by a pinprick 969 

(orange data points and lines) or with no treatment (green data points and lines). Shaded areas 970 

are 95% credible intervals. Protein and protein2 are mean centered to standard deviation of 1. 971 
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 972 

Figure 3: Model predictions of the effect of protein restriction and age on daily egg production 973 

of flies infected with a bacterial pathogen (<Infection=), injured by pinprick (<Injury=) or with 974 

no treatment (<Control=). Shaded areas are 95% credible intervals. Protein, protein2 and 975 

lifespan are mean centered to standard deviation of 1. 976 
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